We demonstrate the use of nonlocal scanning tunneling spectroscopic measurements to characterize the local structure of adspecies in their states where they are significantly less perturbed by the probe, which is accomplished by mapping the amplitude and phase of the scattered surface charge density. As an example, we study single-H-atom adsorption on the n-type Si(100)-(4 × 2) surface, and demonstrate the existence of two different configurations that are distinguishable using the nonlocal approach and successfully corroborated by density functional theory.
I. INTRODUCTION
Many materials exhibit surface states that are effectively electronically decoupled from the bulk, and the presence of surface adspecies induces scattering and the formation of standing-wave patterns in the local density of states (LDOS). This phenomenon was first demonstrated on the Cu(111) surface through the pioneering work of Eigler et al. 1 and Avouris et al. 2 Here, we show that a spatial mapping of the amplitude and phase of these standing waves is extremely sensitive to the precise nature of the adsorption configuration. We demonstrate this sensitivity for the case of a single H atom on the Si(100) surface, for which in principle there exist two different adsorption configurations [see Fig 1(a) ]. It was previously reported that on a low-doped n-type Si(001) at room temperature (RT), only a single metastable H-atom species is observed, which switches between the two configurations under the influence of the scanning tunneling microscopy (STM) bias polarity. 3, 4 Here we report on the case of heavily doped n-type Si(100) and demonstrate the presence of two distinguishable H-atom species, one of which is metastable and identical to that reported earlier, 3, 4 and the other being stable and unperturbed by the STM probe. Moreover, we demonstrate that both species are also distinguishable using a combination of nonlocal, spatially resolved, scanning tunneling spectroscopy (STS) and density functional theory (DFT) simulations, thus providing a new nonlocal approach for investigating surface structure and reactivity. Notably, a nonlocal measurement is less intrusive than a local one as the interaction between the scattering center and the STM tip is significantly reduced. As such, scattering centers, which switch at high frequency between different geometries under the influence of the STM tip, can be observed as stable in a nonlocal measurement.
The Si(100) surface is comprised of Si-Si dimers that are arranged in rows extending along the [110] directions, as shown in Fig 1(a) . The dimers tilt such that the charge density of the singly occupied dangling bond (DB) is transferred from the lower to the upper dimer atom. The pattern of dimer tilting is anticorrelated both along and across rows, yielding a c(4 × 2) reconstruction. A single hydrogen atom reacts predominantly with the Si dimer atoms leading to the final products H B or H T in which it is bonded to the lower or upper dimer atom of the initially bare surface, respectively [see Fig. 1(a) ]. The subtle difference between these configurations thus provides an excellent test case for our strategy, which is summarized in Figs. 1(b) and 1(c), where we plot the simultaneously acquired traces of the topography ( z) and differential conductance (dI /dV ) along rows containing reacted dimers [dotted lines in Fig. 1(a) ]. While the topography traces are similar outside the reacted dimers, the dI /dV scans show the presence of standing waves 5 with a significant phase difference for the two adsorbate configurations [compare the blue and red lines in Fig. 1(c) ]. As such, the dI /dV curve suggests that nonlocal spectroscopic data contain information about the adsorbate configuration. We demonstrate below that this information is sufficient to distinguish between different adsorption sites.
II. EXPERIMENTAL LAYOUT
All experiments were performed at 77 K using a Createc cryogenic STM system described elsewhere. 6 Semiconductor [Si(100), n-type:As, 0.001 − 0.005 cm] samples were used. 7 The atomic hydrogen source was a heated tungsten capillary.
Electrochemically etched tungsten probes were annealed in situ and subsequently inked 8 using Pt or Al metal samples 7 in the microscope. Variable-height scanning tunneling spectroscopy (VH-STS) 6 was used for all STS measurements.
III. COMPUTATIONAL LAYOUT
STM and STS data were corroborated by DFT calculations. The total energies, relaxed atomic configurations, and topographic data were computed by using the planewave code VASP, 9 whereas the scattering properties of the single H atom were obtained with SMEAGOL. 10 In both cases, we considered the Perdew-Burke-Ernzerhof (PBE) parameterization of the generalized gradient approximation 11 to the exchange and correlation functional. VASP uses normconserving pseudopotentials, 12 i.e., a plane-wave cutoff of 500 eV, while the conjugate gradient geometry optimization has a force tolerance of 0.02 eV/Å. The slab used is 9 Si monolayers (plus a hydrogen passivating layer) thick, while the unit cell is 15.132Å wide in the direction perpendicular to the dimer rows, and it extends 37.83Å along the dimer rows. This corresponds to five repeated primitive unit cells of the c(4 × 2) reconstructed surface (each of which have a length of 7.566Å and contain 88 atoms) along the dimer rows. In total, in the VASP simulation cell, we have 440 atoms for the clean surface, plus the one adsorbed hydrogen atom. A 12-Å-long vacuum region that is used to avoid interaction between periodic images and n-type doping is simulated by adding one extra charge to the supercell plus a uniform neutralizing background. Open-boundary-conditions calculations were performed with a newly implemented order-N version of SMEAGOL, 10, 13 which combines DFT with a recursive nonequilibrium Green's function scheme built in the spirit of the embedding-potential method. 14 We note that in this work, we use the code only at equilibrium, with the aim to avoid periodic boundary conditions along the dimer row, and therefore to simulate single impurities. The unit cell is constructed from the VASP-relaxed coordinates and it is 204.28Å long along the dimer direction (2377 atoms). STM LDOS simulations are performed with the Tersoff-Hamann approach 15 from the SMEAGOL electronic structure. The basis set used is double ζ for the Si-s, Si-p, and H-s orbitals, and single ζ for the Si-d and H-p orbitals.
IV. RESULTS AND DISCUSSION
During atomic hydrogen deposition, only H B adspecies were formed above 400 K surface temperature, whereas traces of the H T configuration appeared after RT deposition, with the population significantly increased below 250 K surface temperature. At low-hydrogen coverage, the H T concentration was correlated to the presence of defects (concentration 1%) on the surface and was always more than an order of magnitude smaller than the H B concentration. Based on the above observations, we denoted the H B and H T as the majority and minority adspecies on the n-type Si(100) surface, respectively. This assignment was additionally supported by the computational result (see Sec. IVA below).
A. Local approach
Figures 2(b) and 2(c) show empty-and filled-state STM topographs of the experimentally observed minority and majority single-H-atom species, and compares these data with the simulated images generated by placing a single H atom at either the up-buckled (top) or down-buckled (bottom) Si atom of the dimer, shown in Figs. 2(a) and 2(d), respectively. We note that in unreacted regions of the surface, empty-state (filled-state) images map the locations of the lower (upper) atoms of the tilted Si dimers. The filled-state lower panel of Fig. 2(c) images the upper unreacted dimer atoms and shows that for the majority species, the maximum associated with the DB at the reacted dimer site is in phase with the dimer tilting either side of the reacted dimer. The image differs from that of the bare surface only by the increased brightness of the reacted dimer. In empty states [ Fig. 2(c) , top], the lower dimer atoms of the unreacted dimers are imaged and the majority site appears as an M-shaped feature in which the local DB maximum is out of phase with the tilting pattern of lower dimer atoms. However, a comparison of the top and bottom panels of Fig. 2(c) reveals the same pattern of dimer tilting, so that a change in the tunneling polarity does not induce this pattern to flip. The filled-state data [ Fig. 2(b) , bottom] for the minority species look identical to that for the majority species. However, the empty states [ Fig. 2(b) , top] show that the DB is in phase with the pattern of adjacent tilted dimers. A comparison of the unreacted dimers on either side of the minority site reveals a change in the pattern of dimer tilting, so that a change in the tunneling bias polarity causes the entire dimer row to flip. The same flipping event was previously reported in the works of Reusch et al. 3 and Radny et al. 4 in the case of the single-H-atom species they observed on a low-doped Si(001) sample under RT STM imaging conditions. In the case of the majority adspecies, good agreement between STM data and simulated images is obtained only for the case in which the H atom is placed in the H B position [compare Figs. 2(c) and 2(d)]. In contrast, simulations for H T [ Fig. 2(a) ] predict a tilting pattern for the adjacent dimers, which is inconsistent with the experiments in Fig. 2 (c) but consistent with those in Fig. 2(b) , i.e., with the minority sites. A careful comparison of the minority-site topographic data with the simulations for H B and H T reveals that the topography of the empty states behaves as though the H is located at the H T site, whereas for the filled states, it is fully consistent with the H B site. This confirms the fact that the entire dimer row is flipping. Our DFT calculations for n-doping conditions reveal that the H B configuration is lower in energy by 136 meV with respect to the H T one. This demonstrates that the majority configuration is indeed the lower-energy state, and that the minority one is metastable and stabilized by the pinning effect of neighboring defects. The stability of the majority species is not expected to vary for lower dopant concentrations, since calculations on the intrinsic neutral systems still show the H B lower in energy by 26 meV. These results are consistent with the results obtained in the work of Reusch et al. 3 where, based on cluster calculations, the H B configuration was found lower in energy by 260 and 30 meV for n-type and intrinsic systems, respectively. Thus, while DFT topography and totalenergy simulations provide unique interpretations of the STM data for the H/Si(100) system, in the more general case, different adsorbate configurations may not show significantly different STM topographic signatures, thus necessitating a more detailed investigation of the electronic structure.
B. Nonlocal approach
Here we show that by considering the nonlocal DOS around the reaction site, it is possible to build up a comprehensive picture of the adsorbate electronic structure and configuration. Recent theoretical advances in the acquisition of the local electron density of states (LDOS) from the STS data 6, 16 enable the direct comparison of spectra recorded at different lateral locations and tip-sample distances. Here we apply this approach by constructing spatial LDOS maps [Figs. 3(b) and 3(c)] along dimer rows that contain reacted sites and over an energy range associated with the surface π * band. 6 The π * band is split off from the bulk DOS and disperses strongly along the dimer row direction. Hence it is sensitive to the 195321-3
(Color) Spatial LDOS maps of the π * standing waves along the Si dimer row with single-hydrogen occupied dimer at x = 0. Shaded and nonshaded areas highlight the local and nonlocal approach discussed in the text. The map in (c) was constructed from LDOS spectra recovered 6 from experimental dI /dV measurements taken on each point of the topographic image (top of the figure) along the dimer row (x ordinate). The map in (b) was constructed as in (c). The same intensity (color) scale as in (b) and (c) was applied for the corresponding simulated LDOS maps in (a) and (d). All panels correspond to the configurations in the respective panels in Fig. 2. presence of reacted scattering sites. The experimental LDOS maps in Fig. 3 show that the π * band is strongly scattered by both types of H-atom species. We simulate the LDOS of both by plotting the SMEAGOL density of states as a function of the atomic position, and present them in Figs. 3(a) and 3(d) for the H T and H B configurations, respectively. In the calculations, the DOS of the top and bottom Si dimer atoms are combined to reflect the experimental conditions, where the measurements are made along the middle of the dimer row (top of Fig. 3) . Additionally, the theoretical bands in Figs. 3 and 4 have been shifted by 0.125 meV in order to align the bottom of the conduction bands.
For the H B site, both the experiment and simulations [ Figs. 3(c) and 3(d) ] reveal identical standing-wave patterns produced by a potential barrier and the presence of an intense doubly occupied DB signature, consistent with the n + doping of the Si substrate. 17 In the case of the H T site, however, the DB is singly occupied, as evidenced by the filled and empty DB features in Figs. 3(a) and 3(b) . The associated standing-wave pattern is significantly altered, revealing a nonmonotonic phase variation of the scattered waves that suggests the presence of a resonance in the potential barrier at the energy close to the half-empty DB state. Again, the shape and position of the experimental H T pattern in Fig. 3(b) matches the simulated one in Fig. 3(a) . The excellent agreement between theory and experiments for the nonlocal (nonshaded areas in Fig. 3 It is possible to extract quantitative information from the LDOS scattering maps in order to definitively establish the identity of the majority and minority species. By measuring the wavelength of the oscillations in the LDOS for different energies E, in Fig. 3 , we can obtain the band dispersion E(k) and phase shift (k) by fitting the LDOS as follows:
where ψ is the surface-state wave function, and x = 0 is set at the position of the H atom. E(k) is plotted in Fig. 4(a) for data obtained from the maps of Figs. 3(a)−3(d) . The theoretical π * band dispersion along the dimer row for the bare surface is also plotted (dashed line) in Fig. 4(a) . The dispersions obtained for the majority and minority sites agrees well with each other and the simulation for the H B and H T configurations, demonstrating that the scattering phenomena is an intrinsic property of the π * band. However, the phase shifts (k) of the wave function scattered from the majority and minority sites are dramatically different and provide a unique signature, which is measured nonlocally and by which we can distinguish between the two H configurations. The majority-site phase shift [black spectrum in Fig. 4(b) ] decays monotonically with k, whereas the minority species [red curve in Fig. 4(b) ] show a different slope and a pronounced minimum associated with a resonance in the scattering barrier. A comparison with the simulated phase shifts associated with scattering from the H B (green) and H T (blue) sites establishes once again that these configurations can be assigned to the majority and minority species, respectively. The observed differences between the experiment and simulated phase shift for the minority site likely reflect the need for a stabilizing defect in the adjacent area, which was not accounted for in these simulations.
The experimental (black) and the simulated (green) results for the majority species show a (k) dependence that is approximately linear with negative slope, suggesting a triangularshaped barrier, in agreement with the displacement of the conduction-band edge around the scattering site [Figs. 3(c) and 3(d) ]. For the minority configuration, the strong resonance in the barrier [shaded areas in Figs. 3(a) and 3(b) ] is clearly detected in the phase-shift spectrum [red and blue curves in Fig. 4(b) ] and underlines the increased transmission coefficient at the resonance position, leading to significant reduction of the phase shift. Clearly, the latter reflects the fact that in the case of H T configuration, the dangling bond is half filled, causing it to interact with the scattered charge density.
V. SUMMARY
We have demonstrated the ability of the nonlocal spatial LDOS mapping to characterize surface adsorbate configurations. This nonlocal technique has been applied to study the majority and minority H-atom species adsorbed on the n-type Si(100)-(4 × 2) surface. The combined results obtained from experimental STS and DFT simulated data are supported by the local approach (adspecies electronic structure) and STM data. This nonlocal spatial LDOS mapping technique is a powerful addition to the standard STM tools, with the added advantage of being able to characterize systems in their nonperturbed states. As such, it is expected to be useful to investigate molecule and complex-surface configurations where topographic signatures of different configurations are indistinguishable or in instances where there are no STMaccessible states within the tunneling energy window. Furthermore, as the nonlocal approach barely perturbs the scattering center, it can be used to characterize adsorbate geometries that are mechanically unstable under the STM tip.
